We present the effect of thermal treatments on the transduction behaviors of HCl-doped polyaniline (PANI) nanofibers integrated in conductometric devices upon exposure to 1% H2 (carried by N2). After drying in N2 at 25ºC for 12 hours, devices showed a ~10% decrease in electrical resistance upon exposure to 1% H2. However, devices subject to 12-hour drying in N2 at 25ºC followed by further thermal treatments in N2 at 100ºC, 164ºC or 200ºC for 30 minutes showed different transduction behaviors. Specifically, devices subject to thermal treatments at 100ºC and 164ºC showed a decrease in electrical resistance by ~7% and <0.5%, respectively. More interestingly, the device subject to thermal treatment at 200ºC showed a transduction behavior with opposite polarity, i.e. a ~5% increase in electrical resistance upon exposure to 1% H2. SEM, FTIR and TGA were employed to investigate the effect of thermal treatments on the morphology and chemical characteristics of HCl-doped polyaniline nanofibers. The results indicated that the change in the devices? interesting transduction behaviors might be related to the thermal treatment effects on the HCldoped PANI nanofibers in (i) removal of adsorbed water, and (ii) crosslinking and/or degradation of polymer backbones.
INTRODUCTION
As one of the main themes in the development of hydrogen economy, hydrogen storage has become a very dynamic research area. Conducting polymers have been reported to be promising materials for this application. [1, 2] . However, later studies on hydrogen storage using conducting polymers gave controversial results, showing either much lower H 2 uptake or no H 2 uptake at all [3] [4] [5] . It is believed that this controversy could be related to the ambiguous and somewhat inconsistent materials processing procedures used, as the properties of conducting polymers (e.g. oxidation states, doping levels etc) can be affected by many subtle processing variables [6] . Thus, it is of particular interest to further investigate the effects of those processing variables on the interactions between H 2 and conducting polymers.
While hydrogen storage using conducting polymers is under active investigation, conductometric devices integrated with conducting polymers for H 2 sensing have also been demonstrated [7, 8] . The studies on the interactions between H 2 and conducting polymers using conductometric sensors showed that conducting polymers subject to different experimental conditions could result in different transduction behaviors [7, 8] , which suggests that these conductometric gas sensors may be used to acquire information for the research on exploiting conducting polymers for hydrogen storage application.
Since the controversy in hydrogen storage using PANI-based materials might be caused by the different thermal treatments on HCl-treated PANI [1, 2, 5] , the effect of thermal treatments on the transduction behaviors of HCl-doped PANI nanofibers integrated in conductometric devices upon exposure to 1% H 2 (carried by N 2 ) at 25ºC was investigated in this work. In addition, SEM, TGA and FITR were also used to study the morphology and chemical characteristics of HCl-doped PANI subject to thermal treatments.
EXPERIMENT DETAILS
HCl-doped PANI nanofibers were synthesized by template-free oxidative chemical polymerization in a single-phase acidic aqueous medium [9] [10] [11] . Briefly, 10 ml of 0.02 M (NH 4 ) 2 S 2 O 8 in 1.0 M HCl (aq) was quickly poured into a beaker containing 10 ml of 0.02 M aniline in 1.0 M HCl (aq) under magnetic stirring. The mixed solution in the beaker was magnetically stirred for 5 minutes, after which the magnetic stirring was stopped and the polymerization was allowed to proceed in the beaker for 2 hours. After the 2-hour reaction, the reaction mixture was transferred to a dialysis tubing (Spectra/Por, 12-14,000 MW cutoff). The reaction mixture was dialyzed against 4-L deionized water for 20 hours. The dialysis bath was changed 6 times during the course of the 20-hour dialysis. The dialyzed aqueous dispersion of PANI nanofibers was then transferred to a storage vial for future use.
A home-built, sealed apparatus used to thermally treat HCl-doped PANI nanofiber samples deposited onto glass slides in a controlled atmosphere of flowing nitrogen gas (99.99%) is shown in Figure 1 . For computer-controlled conductometric measurements (accuracy of current measurements: ± 100 pA), the same heater chamber was used, with samples of PANI nanofibers deposited onto a glass slide with pre-fabricated, addressable gold electrode lines (~2 cm x 5 μm; gap between the electrode lines: 500 μm). By modulating the gas-flow parameters, N 2 or 1% H 2 carried by N 2 was controllably delivered into the sealed gas-flow system to investigate the electrical response of HCl-doped PANI nanofibers subject to various thermal treatments. (not drawn to scale).
DISCUSSION

Conductometric Measurements
The conductometric device used in this study was composed of two adjacent parallel gold electrode lines bridged by deposited HCl-doped PANI nanofibers (diameter of the sample spot: slightly >500 μm). After the conductometric device was assembled into the experimental set-up (see Figure 1) , the device was dried in N 2 at 25ºC for 12 hours. The conductometric response of the devices subject to the different thermal treatment conditions and then exposed to several cycles of 1% H 2 is shown in Figure 2 . In general, after drying in N 2 at 25ºC for 12 hours, devices showed a ~10% decrease (when the device transduction pattern was stabilized; same for the following discussion) in electrical resistance upon exposure to 1% H 2 . However, devices subject to 12-hour drying in N 2 at 25ºC and further thermal treatments in N 2 at 100ºC, 164ºC or 200ºC for 30 minutes showed different transduction behaviors. Specifically, devices subject to thermal treatments at 100ºC and 164ºC showed a decrease in electrical resistance by ~7% and <0.5%, respectively. More interestingly, the device subject to the thermal treatment at 200ºC showed a transduction behavior with opposite polarity, i.e. a ~5% increase in electrical resistance upon exposure to 1% H 2 . The above results indicate that the transduction behaviors of these devices can be altered by thermal treatments, and that the transduction behavior is a function of the thermal treatment temperature. 
SEM
SEM images of the HCl-doped PANI nanofiber samples subject to 12-hour drying in N 2 at 25ºC with no further thermal treatment or with a further thermal treatment at 100ºC, 164ºC or 200ºC in N 2 for 30 minutes are shown in Figure 3 . Although the general morphology (nanofiber mat) was not significantly changed by the employed thermal treatments, it can be seen from the figure that, upon thermal treatments, inter-fiber fusion occurred in certain areas with higher density of nanofibers. Figure 4 shows the FTIR spectra of the HCl-doped PANI nanofiber samples, each subject to 12-hour drying in N 2 at 25ºC with no further thermal treatment, or with a further thermal
FTIR and TGA
treatment at 100ºC, 164ºC or 200ºC in N 2 for 30 minutes. The sample subject to 12-hour drying in N 2 at 25ºC with no further thermal treatment gave the FTIR spectrum characteristic of HCldoped polyaniline (e.g. 1585 cm -1 -stretching of quinoid unit; 1486 cm -1 -stretching of benzenoid unit; 1295 cm -1 -aromatic C-N stretching; 1115 cm -1 -a mode of quinoid unit; 759 cm -1 , 698 cm -1 and 544 cm -1 -peaks associated with substituted benzene rings) [12, 13] . The sample subject to 12-hour drying in N 2 at 25ºC followed by a 30-minute thermal treatment in N 2 at 100ºC still gave the FTIR spectrum with the peaks characteristic of HCl-doped PANI, but the relative intensities of those peaks changed. Our TGA study (data not shown) indicated that a major weight loss occurred when HCl-doped polyaniline was heated from room temperature to 100ºC in N 2 , which is attributed to the loss of adsorbed water [14] . As the loss of adsorbed water would not significantly affect the chemical structures of polymer backbones, the change in the spectral features might be related to thermal crosslinking of polymer backbones without major degradation [15] . However, HCl-doped PANI samples subject to thermal treatments at 164ºC or 200ºC in N 2 for 30 minutes gave dramatically different FTIR spectra. The above results indicate that HCl-doped PANI samples subject to the thermal treatments at 164ºC or 200ºC in N 2 for 30 minutes underwent more dramatic change in their chemical structures and/or composition. The overall FTIR study also indicates that the different transduction behaviors observed in the conductometric measurements involving H 2 and HCl-doped PANI nanofibers subject to various thermal treatments are related to the change in the chemical structure and/or composition of the HCl-doped PANI nanofiber samples. 
CONCLUSIONS
In this study, we have shown that conductometric devices integrated with HCl-doped PANI nanofibers subject to different thermal treatments can exhibit different transduction behaviors when exposed to 1% H 2 carried by N 2 . FTIR spectra indicate that the chemical structure and/or composition of the HCl-doped PANI samples can be dramatically altered by some of the employed thermal treatments. The study also suggests that the controversy in hydrogen storage studies involving conducting polymers may be related to the ambiguous thermal treatments on HCl-treated PANI samples. In addition to investigating the interactions between H 2 and conducting polymers, the conductometric devices used in this study may be exploited to help systematically screening and identifying the active chemical species based on conducting polymers for hydrogen storage application. Although the interaction mechanisms between H 2 and the HCl-doped polyaniline nanofibers used in our devices were not investigated in the present work, the interesting transduction behaviors presented in this paper indeed indicate that they deserve to be studied in more detail in the future.
